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1. Introduction 
The enzyme S-adenosylmethionine:protein car- 
boxyl-U-methyl transferase (EC 2.1 .1.24; protein 
methylase II) methyl esterifies the aspartyl and/or 
glutamyl residues of preformed proteins, using 
S-adenosylmethionine as the methyl donor [ 141. 
The protein carboxyl methyl esters formed are un- 
stable and undergo rapid hydrolysis at physiological 
pH and temperature yielding methanol [5,6]. Several 
membrane proteins were shown to be the endogenous 
substrates for the enzyme in both prokaryotic and 
eukaryotic cells [ 1,7--91 and a number of studies were 
done to determine the physiological roles of this selec- 
tive, post-translational, protein methylation in mem- 
brane functions. The high activity of PM II and the 
large amounts of its membrane-bound endogenous 
substrates in nervous and endocrine tissues suggest a 
role of this reaction in the synaptic function [lo] and 
neurosecretory processes [ 1 O-l 21. In Escherichia colt’ 
[8,13] and S. fyphiwzurium [9,14] the carboxyl 
methyl esterification of cytoplasmic membrane pro- 
teins appears to be involved in chemotaxis. In chemo- 
tactically-active mammalian neutrophils, the methyl 
esterification of specific membrane-bound chemotac- 
tic receptors may initiate the signal to direct the cel- 
lular motion for eventual phagocytosis [I 51. Thus a 
relationship may exist between alterations of protein 
carboxyl methylation and genetic diseases (involving 
perturbation of AdoMet metabolism) associated with 
severe immunodeficiency [ 161. 
Abbreviations: MTA, 5’-methylthioadenosine; SIBA, 5’-iso- 
butylthioadenosine; AdoMet, S-adenosylmethionine; PM II, 
S-adenosylmethionine:protein-O-carboxyl methyl transferase 
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5’-Methylthioadenosine, a natural nucleoside pres- 
ent in PM levels in mammalian tissues [17], is one of 
the main products of AdoMet metabolism: in euka- 
ryotic cells, AdoMet is converted into MTA through 3 
independent pathways [I 81. This thioether exerts an 
inhibitory effect on a variety of biological systems 
[ 18,191: the inhibitory concentrations of MTA are 
usually at the same level as it as found in mammalian 
cells [18,19]. 
The inhibition exerted in vitro by MTA on PM II is 
of particular interest [20,21]. To investigate the con- 
trol mechanism operated by MTA on the enzytnatic 
methyl esterification of membrane proteins in the 
living cells, the effect of the compound on in vivo 
methyl esterification of erythrocyte membrane pro- 
teins has been analyzed. In these cells, a specific tnethyl 
esterification of two membrane components, glyco- 
phorin A and ‘band4S’has been demonstrated in vitro 
[22,23] and in vivo [23,24]. The inhibitionmechanism 
of MTA in the system investigated has been studied 
using several analogs and derivatives of the thioether, 
including 5’-isobutylthioadenosine (SIBA). 
A short report of this work appeared in [25]. 
2. Materials and methods 
L- [metJzyl-3 H] Methionine (spec. act. 12 Ci/mmol), 
was from the Radiochemical Centre (Amersham). 
AdoMet, obtained from cultures of Saccharomyces 
cerevisiae, was isolated by ion-exchange chromatog- 
raphy [26] and MTA was prepared by acid hydrolysis 
of AdoMet [27]. Adenine, adenosine, ATP, AMP and 
dibutyryl-CAMP were supplied by Sigma Chemical (St 
Louis MO). SIBA was supplied from Sefochem, Fine 
.k’lsevier/North-Holland Biomedical Press 
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Chemicals (Israel). All other chemicals were the purest 
grade available from standard commercial sources. 
2.1. Methyl esterijkation of intact elythrocyte 
Adenine and its derivatives as inhibitors for in vivo carboxyl 
methyl esterification of human erythrocyte membrane 
proteins 
membrane proteins Compounds 
The carboxyl methyl esterification of erythrocyte 
membrane proteins was done in vivo as in [24] with 
minor modifications. The methyl labelling of the cells 
was done in 0.5 ml total vol. containing 0.1 ml freshly 
washed erythrocyte, 62.5 pmol sodium phosphate 
(pH 7.4), 6.4pmol MgClz and 2.5 pmol L-[methyZ-3H]- 
methionine (30 PCi). The mixture was incubated at 
37°C for 60 min and the extent of methyl esterifica- 
tion of the membrane proteins estimated as in [24]. 
None 
Adenine 
Adenosine 
AMP 
Dibutyryl-CAMP 
ATP 
5’-Methylthioadenosine 
Isobutylthioadenosine 
In the experiments with phosphate-depleted eryth- 
rocytes, 1 ml packed red blood cells was washed 
several times with 300 ml Tris-HCl 5 mM, 0.15 M 
NaCl (pH 7.4). Cells were labelled as above except 
that the phosphate buffer was replaced by TrissHCl 
buffer. 
The assay was performed as in section 2 in presence of 5 mM 
adenosyl-compound; the results are given k SD 
3. Results 
2.2. Estimation of L-/methyl-3H/methioninc and 
S-adenosyl-L-f methyl-3H/methionine in the 
ery throcy tes 
L- [methyZ-3H] Methionine and methyl-labelled 
AdoMet, formed by the action of AdoMet synthetase 
during the incubation, were evaluated by HPLC analy- 
sis of the erythrocyte soluble fraction as in [28]. 
2.3. Evaluation of the rate of hydrolysis of 
(3H]methyl-esterified membrane proteins 
After the above methyl-labelling the erythrocytes 
Table 1 reports the rate of methyl esterification of 
erythrocyte membrane proteins after incubation of 
the cells with different adenine derivatives. At 5 mM 
only adenine, MTA and its synthetic analog SIBA sig- 
nificantly inhibit the in vivo methylation process. The 
effect of increasing amounts of these 3 compounds 
on the methylation reaction is reported in fig.1. At 
100 MM MTA inhibits the reaction rate by 50%. The 
inhibition exerted by its analog SIBA is lower and 
parallels that of adenine. 
were washed several times with phosphate-buffered 
saline to remove the unreacted [methyZ-3H]methio- 
nine. The washed cells were then divided into 2 similar 
aliquots. One was hemolyzed and the membranes, iso- 
lated as in [22], were incubated at 37°C for various 
times, in the absence and in presence of 5 mM MTA. 
The second aliquot of intact erythrocytes was incu- 
bated under the above conditions immediately after 
washing. The rate of hydrolysis of the methylesteri- 
fied groups was estimated as in [29]. 
loor 
2.4. Other analytical methods 
MTA phosphorylase activity was determined by 
measuring 5-[methyl-‘4C]methylthioribose-l-P, 
released from labelled MTA [30]. Protein concentra- 
tion was estimated by the Lowry method, using bovine 
serum albumin as standard. 
I I I I I I 
1 2 3 4 5 
[INHIBITOR1 (mM) 
Fig.1. Effect of MTA, adenine and SIBA on in vivo methyl 
esterification of human erythrocyte membrane proteins. The 
assay was performed as in section 2 except that the inhibitors 
were added at the given levels. (o) adenine; (0) SIBA; (0) MTA. 
Table 1 
[“HIMethyl incorp. 
(pmol/sample) 
Relative 
inhibition 
(lo) 
2.3 f 0.1 
0.7 ? 0.05 
1.8 + 0.1 
1.8 f 0.1 
1.8 f 0.1 
2.3 f 0.1 
0.2 i 0.01 
0.7 * 0.05 
70 
20 
20 
20 
90 
70 
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In the erythrocyte cytosolic fraction an active MTA methyl esterification of membrane proteins has been 
phosphorylase is present which rapidly cleaves MTA analyzed. In the system investigated it is assumed that 
and SIBA into adenine and methylthioribose-1 -P, and the labelled methionine will be transported through 
adenine and isobutylthioribose-l-P, respectively [30]. the membrane, will be enzymatically activated to yield 
Therefore, to study the inhibitory effect of intact AdoMet, and that the membrane proteins will be then 
nucleosides on this system, phosphate-depleted eryth- methylated by the endogenous soluble PM II. MTA 
rocytes have been used. After removal of the endoge- does not affect the methionine-transport system in 
nous phosphate by repeated washing of erythrocytes erythrocytes, as estimated from [mefhyZ-3H]methio- 
with Tris-HCl saline buffer (pH 7.4) the 2 thioethers nine content of the intact cells after incubation in the 
are not cleaved phosphorolytically 13 11. In these presence of labelled methionine and increasing amounts 
phosphate-depleted cells, MTA still has a significant of MTA (not shown). The effect of adenine and MTA 
inhibitory effect, whereas SIBA appears to be com- on the in vivo synthesis of AdoMet by AdoMet syn- 
pletely ineffective (fig.2). This result indicates that thetase has been studied by estimating the [methJjl-3H]- 
the inhibition exerted by the synthetic analog should AdoMet content of erythrocytes with HPLC analysis 
be ascribed to the action of the adenine product of of the soluble fraction after incubation as in section 2. 
phosphorolytic cleavage of SIBA. These data confirm Fig.3 shows that MTAin the standard assay conditions 
the lack of any inhibition exerted in vitro by this drug parallels the effect of adenine by increasing the AdoMet 
on purified PM II [20]. The lower inhibition exerted synthesis. This effect is probably attributable to the 
by MTA in the phosphate-depleted red blood cells phosphorolytic cleavage of MTA to adenine, which in 
(25% at 100 /*M MTA) indicates that in the intact turn affects cellular ATP levels. In the phosphate- 
erythrocytes the action of this thioether is probably depleted erythrocytes where the MTA phosphorylase 
due to the additive effects of the molecule itself and is not operative, the thioether does not significantly 
of the adenine product of its enzymatic cleavage. interfere with the AdoMet synthesis. 
To clarify the nature of the inhibition exerted by 
MTA on this reaction the effect of the thioether on 
various biochemical processes involved in the in vivo 
The protein methyl esters formed by the action of 
PM II are known to be unstable at physiological pH 
and temperature [8]. In fig.4 the rates of hydrolysis 
of membrane-bound protein methyl esters in intact 
erythrocytes and isolated erythrocyte ghosts in the 
absence and presence of 5 mM MTA are compared. 
The stability of protein methvl esters in intact eryth- 
rocytes appears to be slightly higher than that of the 
[INHIBITORI (mM) 
Fig.2. Effect of MTA and SIBA on in vivo methyl esterifica- 
tion of membrane protein in phosphatedepleted human eryth- 
rocytes. To remove the endogenous phosphate, the erythro- 
cytes were treated as in section 2. The assay was done as pre- 
viously described except that the buffer was Tris-HC10.15 M 
(pH 7.4). SIBA and MTA were added at the given concentra- 
tions. In the experiments with MTA, the phosphate-depleted 
cells were also incubated in presence of phosphate buffer 
0.15 M (pH 7.4): (0) SIBA; (0) MTA; (0) MTA in phosphate 
buffer. 
0.1 02 03 0.4 05 
IINHIBITOR (mM) 
Fig.3. Effect of adenine and MTA on the in vivo synthesis of 
[merhyl-3H JAdoMet. The AdoMet levels were estimated by 
HPLC analysis oferythrocyte soluble fraction as in [ 281. The 
experiments with MTA were done both with normal and phos- 
phate-depleted erythrocytes. For the assay conditions see 
section 2: (o) adenine; (0) MTA; (0) MTA in phosphate- 
depleted cells. 
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-0 
TIME AT 37O (min) 
Fig.4. Effect of MTA on the rate of hydrolysis of membrane 
protein methyl esters in intact erythrocytes and isolated eryth- 
rocyte membranes. The assayswere carried out asin section 2. 
In experiments with MTA, the thioether was added at 5 mM: 
(0) intact erythrocyte protein methyl esters; (A) intact eryth- 
rocyte protein methyl esters in presence of MTA; (0) eryth- 
rocyte ghost protein methyl esters; (0) erythrocyte ghost pro- 
tein methyl esters in presence of MTA. 
methyl-esterified isolated membrane, the half-life of 
methyl esters being 100 min and 70 min, respectively, 
at pH 7.2. However, in both cases the presence of 5 mM 
MTA does not modify the rate of hydrolysis, indi- 
cating that the thioether is not involved in the deesteri- 
fication process. 
4. Discussion 
This paper reports the in vivo inhibitory effect 
exerted by MTA on the carboxyl methyl esteritication 
of human erythrocyte membrane proteins. In the sys- 
tem investigated the thioether does not affect the 
methionine uptake, the enzymatic synthesis of AdoMet 
nor the rate of hydrolysis of the protein carboxyl 
methyl esters formed. Therefore, we may infer that in 
vivo enzyme PM II is directly inhibited by MTA. Since 
the nucleoside is present at PM levels in mammalian 
tissues [ 17 ,181, and it is actively transported through 
the biological membranes [3 1,321 we can postulate a 
new regulatory role of the molecule on the cellular 
functions mediated by the enzymatic methyl esteri- 
fication of membrane proteins (e.g., chemotaxis, neu- 
rosecretory processes. In the erythrocyte membrane 
one of the major methyl acceptor components (band 
4.5) has been implicated as a part of the glucose- 
transport system [33]; therefore, a MTA control 
mechanism may operate in vivo on sugar transport in 
the red blood cells. 
5’-Isobutylthioadenosine, a synthetic analog of 
MTA endowed with antiproliferative action [ 181 which 
does not inhibit PM II in vitro [20], exerted a signifi- 
cant inhibition on the reaction in the system investi- 
gated. The in vivo effect of this drug could be due to 
the action of the adenine product of phosphorolytic 
cleavage of SIBA [30]. 
Despite the broad evidence of antiviral and antipro- 
liferative action exerted by MTA and by its synthetic 
analogs [ 18,19,31] the mechanism of action of these 
molecules is still largely obscure. These effects could 
be ascribed to the inhibition exerted by these mole- 
cules on spermine synthetase [34]. However, the exis- 
tence of different targets for the cytostatic action of 
these compounds cannot be ruled out. Inhibitors of 
macromolecular methylation in vitro generally have 
antiviral and antimitotic effects in vivo [35]. Of the 
various post-translational macromolecular methyla- 
tions, the enzymatic methyl esterification of proteins 
appears to be of particular biological interest, repre- 
senting an ‘on-off’ mechanism for the regulation of 
several protein activities. The reported significant inhi- 
bition of this enzymatic system exerted by MTA and 
SIBA, together with the finding that SIBA interferes 
in vivo with several biochemical processes mediated 
by membrane proteins (e.g., nucleoside and glucose 
uptake [36]) suggests the hypothesis that protein 
methylase II could represent one of the target enzymes 
causing the cytostatic effect of these thioethers. 
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